L. Hogben B a k e r i a n L e c t u r e * Amino-acid analysis and the structure of proteins B y A. C. Ch ib n a l l , F.R.S. In recent years the X-ray crystallographers have made remarkable advances in the interpretation of protein structure, and it is becoming more and more evident th a t a stage has been reached when their views need to be reconciled with data obtained from accurate amino-acid analysis of the proteins concerned. In all too many cases these data are, unfortunately, not yet available, and the reason why the analyst cannot supply them a t short notice is due not so much to the com plexity of the problem-which he has never sought to minimize-but to the fact th a t many of the more im portant methods of analysis in current use are an in heritance from an earlier period when such accuracy as is now demanded would have been considered almost impossible of achievement.
From about 1840 until 1900, following the lead given by Liebig Rnd later by Ritthausen, the attention of protein chemists was centred chiefly on the prepara tion and characterization of various animal and seed proteins; as substances of physiological interest their enzymic digestion products were studied in elaborate detail by Kuhne, but little attention was paid to the ultimate decomposition * T he full d a ta for th e free am ino-groups in edestin given in table 9 of th e present paper were n o t available a t th e tim e th e a b stra c t of th e lecture w ent to press ( , Lond., 1942* 150, 127) . This accounts for th e slightly different views on th e stru ctu re of edestin now presented.
products, the amino-acids, in spite of the fact th a t R itthausen as early as 1872 had pointed out th a t the proportions in which these occur might be characteristic of the protein concerned. The enunciation by Hofmeister and Fischer of the pep tide hypothesis in 1901 emphasized for the first time the fundamental importance of the amino-acids, and a most fruitful period followed in which attention became almost exclusively focused on these products. Under the inspiring leadership of Fischer himself great improvements were effected in the separation and identifica tion of the amino-acids, so th a t by about 1915 reasonably good analyses were available for most of the better-known proteins. Though far from complete, the analytical data showed quite clearly th a t proteins could differ widely in com position, and in many cases it was possible to correlate composition with nutritive value. Such an aim was, indeed, the incentive behind much of the work of this period.
During the next 15 years interest remained centred around the amino-acids, and further improvements were effected in the separation of the bases, the dicarboxylic acids and to a lesser extent the monoamino-acids. Progress, however, was slow, for but few workers were attracted to the field; although in certain cases some 90 % of the hydrolysis products had been recognized, analysts of experience were still unwilling to adm it th a t their data, even for the bases and dicarboxylic acids, were quantitative. This was because most of the gravimetric estimations made use of selective precipitants and were thus a t the mercy of solubility factors whose magnitude could vary from protein to protein according to the amino-acid mixture present in the hydrolysate. Indirect and specific methods of estimation, such as those for tyrosine, tryptophan and cystine, were not open to these objections, b u t were susceptible to extraneous errors.
Around 1930, chiefly from lack of the necessary incentive, interest in aminoacid analysis had waned and the study of the proteins themselves came once more to the fore. Measurements of osmotic pressure and of ultracentrifugal sedimenta tion were showing th a t the proteins had molecular weights running into many tens and in some cases many hundreds of thousands, so th a t the gap between the intact molecule and its decomposition products seemed to be widening. The long peptide chain of Hofmeister and Fischer became if anything more of an abstract conception than ever, in spite of the fact th a t A stbury's X -ray studies of wool keratin were providing convincing proof of its reality. Something was missing; something th a t would enable us to perceive, however dimly, the way in which nature builds when she makes a mountain of a molehill, for if these gigantic mole cules were indeed chemical entities their structure m ust ultim ately be interpreted in terms of their building stones, the constituent amino-acids. Fortunately for the chemist, Astbury (1934) , in a paper th a t displays remarkable intuition, provided the missing link when he introduced the concept of the hypothetical average amino-acid residue weight, for this factor enables us to interpret our analytical data in terms of the total number of residues in the molecule.
Astbury was discussing the structure of gelatin, and it was necessary for him to know the average weight of protein associated with the average residue dimensions given by X-rays. He accordingly calculated the molecular weight of the hypo thetical average amino-acid residue (referred to henceforth as the mean residue weight) by deducing first of all, from known analytical data, the number of gram residues of the average amino-acid. His tabulated values for the number of gram residues of the various amino-acids in gelatin revealed the striking fact, which he had undoubtedly anticipated from a study of the X-ray photographs of the protein, th a t the residues of glycine and hydroxyproline account, respectively, for about one-third and one-ninth of the total number of residues, th a t is to say, every third residue could be a glycine residue and every ninth a hydroxyproline residue. This latter suggestion, implying th a t the two residues occur at regular intervals along the peptide chain, was extended a little later by Bergmann & Niemann (1936 , 1937 , who assumed th a t the periodicity noted for these two residues in gelatin was true also for every species of residue in all proteins, in other words, th a t the occurrence of residues in the peptide chain a t regular intervals was a fundamental law of protein structure. Applying this generalization to their own experimental data for gelatin, fibrin, cattle globin and silk fibroin, and to the data of other workers for egg albumin, they drew the further im portant conclusion th a t the numbers denoting frequency of recurrence of the residues, and also the number of total residues in the molecule, are not random numbers bu t can all be expressed in powers of two and three. The number of residues in the proteins they had examined fell into a series of multiples of 288; for example, egg albumin had 288 (25 x 32), cattle globin and fibrin 576 (26 x 32), and silk fibroin 2592 (25 x 34) residues respectively. By multiplying these numbers by the respective average residue weights they obtained values of 35,700, 66,520, 69,300, and 217,000 for the corre sponding molecular weights. All these findings pointed in a most striking way to underlying regularities in the building up of protein molecules and were in harmony with the recent views of Svedberg (1938) based on observations of particle size. To those interested in the subject it seemed like the dawn of a new era, and as Bergmann (1938) himself so appositely remarked: 'Everyone who is familiar with the history of protein chemistry may feel somewhat amazed on being confronted with a simple stoichiometry of the protein molecule.' Some of us, nevertheless, were not prepared to give this attractive generalization our immediate and unqualified support, for we questioned the reliability and completeness of the amino-acid analyses on which it was based:
Oh, th e little m ore, an d how m uch it i s ! A nd th e little less, an d w h at worlds a w a y ! Neuberger (1939) suggested th a t the average error in the determination of individual amino-acids in a protein might be fairly taken as 5-6 % and, assuming the possibility of an error of 6 %, he calculated th a t there was a very high degree of probability (approx. 80 %) th a t a purely random distribution of amino-acids should give values in apparent accordance with the formula of the frequency hypothesis. A similar view was voiced by Pirie (1939) who pointed out th a t in a series of numbers expressible as 2n x 3m (where n and m are or zero) the only long gaps are 19-23 and 37-47. The other intervals are small compared with the probable error in most amino-acid estimations on protein hydrolysates, so th a t it is the absence of figures such as 21 and 42 in the list of values for the number of occurrences of an individual amino-acid in the protein molecule th a t tests the hypothesis.
Having been interested for some years in the isolation of asparagine and gluta mine from proteins my own attitude towards the hypothesis was quite naturally influenced by the fact th a t Bergmann & Niemann had assigned to aspartic and glutamic acids frequencies th a t were based on the amounts isolated after hydrolysis; this seemed to me an unjustifiable procedure, for in each case these amounts repre sent two residues, those of the amide and of the free amino-acid respectively. Pirie's (1939) criticism of this was to the p o in t: ' In general the sum of two numbers expressible as 2n x 3m is not itself expressible in this w ay ; it is therefore curious th at the glutamic acid content of several proteins has satisfied the numerical generalizations if it arises from two independent amino-acid frequencies.' In their dicarboxylic acid analyses Bergmann & Niemann (also Cal very with egg albumin) had employed the method of Foreman, which was one th a t my colleagues and I had had under investigation in my laboratory for some tim e ; we had in fact already introduced im portant modifications which had enabled us to obtain values for the aspartic and glutamic acid contents of haemoglobin (horse and cattle) and of egg albumin th a t were much in excess of those used by Bergmann & Niemann in their frequency com putations; we had evidence, moreover, th a t our values were not yet maximal. Although these findings had no direct bearing on the general validity of the hypothesis, for this could not apply to them w ithout reference to the amideammonia, they did reinforce my original surmise th a t our methods of amino-acid analysis needed a searching reinvestigation before they could be used with con fidence to confirm or reject such very im portant conclusions as those of Bergmann & Niemann. Gravimetric methods of estimation needed specially close attention, for they were open to the objection th a t the various precipitants used were giving low values on account of adventitious solubility factors. Bergmann himself was clearly worried by the same disturbing thoughts, for he initiated in 1938 new methods, which he is still developing, to overcome such possible solubility errors.
Our approach to the problem has been on lines which have necessitated no fundamental departure from existing methods, and the scheme of analysis has taken us about five years to bring to fruition. Our aim has been to isolate by step wise removal without overall loss, as pure derivatives and in quantitative yield, aspartic acid, glutamic acid, arginine, histidine and lysine, for all of these contain strongly ionizable groups, and as residues their number and arrangement in the protein molecule must to a certain extent control its specific polypeptide pattern and be responsible for its behaviour in solution. The cardinal point in our analytical procedure is th a t no reagent may be introduced into the hydrolysate unless it can be removed a t a later stage without loss. Full details of our methods will be pub lished in the near future, and all th a t I need add here is th a t the solubility factors inherent in the Foreman treatm ent for the dicarboxylic acids, and in the phosphotungstic acid precipitation of the bases, are overcome by repeating these operations a t a later stage, when about four-fifths of the monoamino-acids and proline have been removed from the collected mother liquors. The whole procedure, which requires some months to carry through to completion, is adm ittedly very laborious and demands analytical skill of a high order; yet the results for egg albumin, edestin and /Mactoglobulin have been worth while, for overall losses of nitrogen have been reduced to 3, 2-5 and 1*5 % respectively, and of this the major part can be shown from flow sheets to fall on the monoamino-acids. I am confident th at our estimates for the aspartic acid, glutamic acid, arginine, histidine and lysine con tents of these three proteins are within 1 or 2 % of the true values, and th a t these proteins do not contain any hydroxyglutamic acid, hydroxylysine or unrecognized diamino-acids. The values for tyrosine, tryptophan, cystine and methionine quoted in the discussions which follow are from, or are based on, the recent researches of Kassell & Brand, Baernstein and Lugg, and are believed to be accurate to within 2 or 3 %. I t is doubtful if the value for cysteine given in table 3 can be considered as falling within these limits.
T h e m ean r e s id u e w e ig h t of pr o t e in s Before making use of all these new analytical data in an attem pt to interpret protein structure I m ust first deduce a value for the mean residue weight of the protein concerned. Astbury (1934) estim ated this in the following way. From known analytical data he calculated for each amino-acid the number of gram residues in 100 g. of protein, a corresponding value for the remaining acids, assumed to be monoamino-acids, being obtained indirectly from a consideration of the total nitrogen content of the protein and of the acids already accounted for. By sum mation he was thus able to show th a t 100 g. of gelatin contained approximately 1*044 g. residues of the average amino-acid residue, so th a t the molecular weight of the latter was 100/1*044 = 96. Bergmann and his colleagues have preferred to give greater weight to the known analytical data, and in their computations for cattle globin (115*5), egg albumin (124), blood fibrin (120*3), silk fibroin (84) and gelatin (93*7) they have taken into account the fact th a t methods of analysis for certain of the amino-acids, especially the simpler monoamino-acids, are far from quantitative (Bergmann & Niemann 1937 Bergmann & Stein 1939) . The procedure th a t I propose to use is in essence the same as th a t of Astbury, but the amount of free and potential (i.e. peptide) a-amino (including imino)-N, which is a measure of the total number of residues, is computed indirectly from data giving the amount of nitrogen present in other forms.
If the percentage of total nitrogen in the protein is N and the percentage of this nitrogen in the form of free and potential a-amino (including imino)-N is M, then 100 g. of protein will contain Nx ilf/100 g. of free and pote cluding imino)-N. Designating the number of g. equivalents of free and potential a-amino (including imino)-N per 100 g. as G, we have N x M 14 x 1 0 0 ' Let R be the mean residue weight, then 
From equations (2) and (3) therefore th e mean residue weight can be calculated in terms of the total nitrogen and of th a t of the amino-acids which contain non-aamino (including imino)-N. This evaluation of R will be completely valid if we assume th a t the protein molecule is a polypeptide chain in which all the peptide linkages are concerned with a-amino (including imino)-groups, or a system of such chains in which each cross-linkage is formed by a condensation involving the elimination of a molecule of water. Moreover, the calculation will remain signi ficant provided th a t the amount of any other cross-linkage (e.g. disulphide) or of undetermined amino-acid residues with nitrogen in excess of th a t required for the peptide linkage (e.g. citrulline) is small. My own experience, which I believe is in keeping with th a t of other protein analysts, suggests th a t unrecognized linkages or residues of this type are not present ,in any large amount, though further research may perhaps show th a t this statem ent is not true for unique proteins from organs with specialized functions. I t should be noted th a t small errors in the determination of the factors concerned in equation (3) will not significantly affect the evaluation of R ; it is essential nevertheless th a t N be accurately determined. By a similar procedure it is possible to evaluate W, the weight of hydrolysis products given by 100 g. of protein, for each peptide and amide linkage will bind one molecule of water, so th a t
where P is the percentage total protein-N present in peptide linkages. Now the total N present in free terminal amino (including imino)-groups will be one equiva lent for each peptide chain in the system. A determination of free amino-N on the intact protein by the method of Van Slyke (assuming no secondary reactions to occur, a point th a t will be discussed later) will give the free terminal amino-N half the lysine-N and half the hydroxylysine-N. Hence, if V is the percentage of total protein-N given by a Van Slyke determination on the intact protein, then, neglecting possible free terminal imino-groups
In addition to this we can calculate Z, the w lysis of 100 g. of protein, for the molecular weights of asparagine and glutamine differ only by one from those of the respective acids, 100 +
18 N x P 1 4 x 100'
If the number of peptide linkages is large compared with the number of free terminal amino (including imino)-groups, so th a t as a first approximation one can assume th a t P is equal to M, then, from equations (2) and (6),
100(^+18) '
Computed values for R, W, and Z for a number of proteins are given in table 1. I t will be noted th a t the value of R for /?-lactog with th a t of Hotchkiss (1939) , who determined the number of peptide linkages split by enzymic hydrolysis. As I had anticipated, my values for egg albumin, cattle globin and silk fibroin are significantly lower than those computed by Bergmann and his colleagues. Turning to the computed values for Z it is interesting to note th a t proteins of such very different composition as edestin, gliadin and /Mactoglobulin give very nearly the same weight of amino-acids on hydrolysis; this is, of course, because they have approximately the same value for R. Z must decrease as R increases, but as Dr Astbury has pointed out to me, the changes in Z will be only about one-seventh of the corresponding change in R, for, differentiating equation (7),
8Z
1800 8R, and if R be of the order of 115
This means th a t in any experiments to determine R by measuring Z (or directly, as we have been able to do incidentally during our analyses of edestin, egg albumin and zein, Z (or W) would have to be deter 
T h e stru c tu r e of e d e s t in
Having computed the mean residue weight I am now in. a position to interpret our new analytical data for edestin (table 2). The mean residue weight is 115-7 (table 1) , so th a t 1 g. of protein contains 1/115-7 or 864 x 10-5 g.mol. of the mean residue. Column 2 shows for each amino-acid the number of g.mol. x 10-5 present in 1 g. protein calculated from the analytical values in column 1. The frequency T a b l e 2. E d e s t in (1) P ercen tag e of am ino-acid given on hydrolysis. V alues for tyrosine, try p to p h a n , cystine a n d m ethionine are from L ugg (1938 a, b ) ; th e rem ainder a (2) N u m b er of g.m ol. x 10-5 p e r g. p ro te in calcu lated from th e d a ta in (1). am ino-acid:
(1) of each amino-acid is determined by dividing the total number of g.mol. of the mean residue per g. protein, namely, 864, by the appropriate figure in column 2; in column 4 these frequencies are shown after adjustm ent to the nearest integral factor of 864. The theoretical figures for the g.mol. x 10-5 per g. protein of the individual amino-acids corresponding to these smoothed frequencies appear in column 3. Agreement between columns 2 and 3 is good in all cases except for tryptophan, where the observed value is somewhat low. The frequency numbers given in column 4 are all factorizable by 2 and/or 3, and the lowest common multiple is 24 x 33 or 432. So far, therefore, our analysis is well in keeping with the postulate of Bergmann & Niemann, and on the assumption th a t the smallest unit of edestin contains 432 residues I have calculated the number of individual residues (column 5).
Next, let me consider the position of the dicarboxylie acids and ammonia, for I have here an example of the fallacy of treating these three hydrolysis products as simple residues. Calculation shows th a t in a unit of 432 residues there must be present 63 residues of amides and 54 residues of free dicarboxylic acids. The presence of asparagine residues in edestin has been experimentally verified, so th at I am concerned here with residues of asparagine, glutamine, glutamic acid and perhaps also aspartic acid. If, in keeping with w hat has been found for the other residues, the numbers of each of these, per unit of 432 residues, are severally to be factorizable by 2 and/or 3, then calculation shows th a t there is indeed a unique solution to the distribution of the amide-ammonia which is th a t recorded in column 5. Granted the validity of the Bergmann-Niemann hypothesis therefore I have been able to estimate for the first time the am ount of asparagine and gluta mine residues in a protein. In this connexion the findings of Damodaran (1932) are significant. From an enzymic digest of edestin which still contained much peptide material he isolated asparagine equivalent to 13 % of the total amide-N or 9-3 asparagine residues. He also found th a t a t the end of the digestion period the digest contained glutamine amide-N equivalent to 15*7 % and free ammonia-N equivalent to 21-3 % of the total amide-N respectively. Now the researches of Melville (1935) and of Ayre (1935) show conclusively th a t this ammonia arises through the incipient decomposition in aqueous solution a t the tem perature of the digest (37°) of glutamine and labile glutamine peptides, asparagine and its peptides being stable, so th a t we are justified in assuming th a t the glutamine amide-N produced in the digest was 15-7 + 21-3 = 37 % of the total amide-N, which is equivalent to 26-4 glutamine residues. As the sole object of Damodaran's research was to obtain evidence for the presence of asparagine in the digest, these asparagine and glutamine residue numbers must be far from quantitative; the relative values are, nevertheless, in keeping with those I have deduced by applying the Bergmann-Niemann principle to our own dicarboxylic acid and amide-ammonia data.
There are thus reasonable grounds for assuming th a t our analysis of edestin, which admittedly covers only about one-half the total number of residues, provides good evidence for the Bergmann-Niemann hypothesis, and it would appear th a t edestin contains 24 x 33 = 432 amino-acid residues or a multiple thereof, so th a t the molecular weight of the smallest possible unit is 432x 115-7 = 50,000. An association of six such units would give a molecular weight of 300,000 which is in good agreement with the value 309,000 computed from sedimentation velocity and diffusion measurements (Svedberg & Pedersen 1940) . I t should be noted th a t Burk & Greenberg (1930) observed an apparent molecular weight in 6-664/ urea solution of 49,000, which suggests th a t on denaturation the association of the six component units is broken. All this evidence dovetails in very neatly with the structure I have deduced, but other data to be discussed later cannot be so readily reconciled. This is due in large part to the fact th a t the insolubility of edestin a t low tem perature and low ionic strength makes it difficult to determine with certainty whether it is a homogeneous protein in the Tiselius apparatus and to place much reliance on the published titration data.
Structure of /?-lactoglobulin
The solubility of this protein complies with the requirements of the phase rule; this is the most sensitive test for homogeneity, and the protein has also been shown to be homogeneous in both the ultracentrifuge and the Tiselius apparatus. Our analytical data, together with some recent determinations of Brand & Kassell (1942) , are given in table 3. The mean residue weight is 112-4 (table 1), so th at 1 g. of protein contains 890 x 10~5 g.mol. of the mean residue; from this the frequencies (1) given i n column 3 have been calculated. There is no evidence here for the Bergmann-Niemann hypothesis, and I have accordingly calculated the minimum molecular weight which w ill satisfy all the analytical data. The closest approxima tion is 42,000, the same value as Brand & Kassell computed from their limited data and in agreement with th a t found by Pedersen (1936) from sedimentation velocity and diffusion measurements. The number of residues (column 5) for lysine and arginine are not factorizable by 2 and/or 3, nor is the-computed total number of residues, 373. Paradoxically therefore /?-lactoglobulin, which has the highest credentials for homogeneity, as emphatically refutes the B e rg m a n n -N ie m a n n hypothesis as edestin, about whose homogeneity nothing is known for certain, would appear to support it. W hat is the solution to the enigma? Fortunately, there is further evidence to call upon in the case of /?-lactoglobulin, as a careful study of the acid-base binding capacity has been made recently by Cannan, Palmer & Kibrick (1942) . Adopting a molecular weight of 42,000 and recalculating the data of these workers (based on 40,000) accordingly, I arrive a t the estimates for titratable groups given in table 4, where they are set out alongside the corresponding estimates from our amino-acid analysis.
T a ble 4. E stim a tes o f io n iz a b l e g ro ups in /?-lactoglobulin (M olecular w eight ta k e n as 42,000) from d a ta of C annan et al. (1942) from If we accept the prevailing view th a t the protein molecule is a simple polypeptide chain with term inal free carboxyl-and amino-groups, then the number of free carboxyl-groups th a t we can compute from analysis is 61 + 1 = 62, in excellent agreement with the value found by titration. The number of free amino-groups, however, will be only 28 + 1 = 29, some 7 or 8 short of th a t found by titration and also by the nitrous-acid method of Van Slyke, which does not estimate iminogroups.
These findings raise questions of great interest, for I am convinced th a t our analysis for lysine is accurate to within one molecular equivalent and th a t no other diamino-acid is present. If one is prepared to concede certain assumptions underlying Cannan's interpretation of his data therefore it seems to me th a t one cannot escape the conclusion th a t these excess amino-groups m ust be those of monoamino-acids and th a t the molecule of /?-lactoglobulin is not a simple poly peptide chain a t all but an association of 8 or more probably 9 such chains held together by linkages involving carboxyl-and not amino-groups.
Before elaborating this thesis further it is necessary to consider briefly whether it is in accord with the titration data. I should expect such terminal amino-groups to have a dissociation constant of about 8, or perhaps a little higher, say 8*5, if the protons are dissociating from a molecule with net negative charge, whereas the constant for the e-amino-groups of lysine would be about 10-5. Such a large difference should be manifest in th a t p art of the titration curves concerned with amino-groups, and Cannan (see Cohn 1938) in an earlier discussion of his data has pointed out th a t this is indeed the case. In aqueous solution he found a consider able amount of buffering in the region pH 7-9 which could not be ascribed to histidine, and the groups concerned, estim ated to be about 5 equivalents, were shifted to about pH 4-5 when the titration was conducted in the presence of 10 % formaldehyde. He surmised th a t these might be terminal amino-groups, indicating th a t the molecule contained several peptide chains, bu t as a t the time he could offer no evidence as to how these chains might be held together he did not proceed further with the suggestion.
Reverting to my own deduction th a t the /Mactoglobulin molecule is an associa tion of eight or nine chains held together by linkages involving carboxyl-groups, it will be clear th a t if the number of free term inal carboxyl-groups is in excess of one there m ust be a number, equal to this excess, of dicarboxylic acid second carboxyl-groups associated in some form of non-peptide linkage. As to the nature of these linkages three possibilities suggest themselves as w orthy of consideration:
(a) The ester linkage R . CO. O . R 'may be forme serine, threonine or tyrosine. Little can be said for or against this hypothesis. 
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F igttru 1. T hree p e p tid e chains coupled th ro u g h term in al im ide linkages.
(b)
The imide linkage i^.C O .N H .C O .i?' may be formed with the amide-group of asparagine or more probably of glutamine. The idea th a t an imide linkage between amino-acids might be the precursor of the ammonia formed on hydrolysis of proteins was discussed many years ago by Bergell (1907) , who rejected it as he found th a t glycine-imide (H2N .C H 2.C O .N H .C O .C H 2.N H 2) was resistant to the action of strong mineral acids. I t is perhaps a little unfortunate th a t he chose this particular substance for the purpose, as the presence of two strong positively charged amino-groups in the a-position might be expected to repel strongly H + ions and thus stabilize the imide linkage (Moggridge & Neuberger 1938) . If the linkage were made by the coupling of lateral dicarboxylic acid and amide residues respectively (figure 2), there would be no strong positive charge in the near neighbour hood, while if terminal carboxyl-and amide-groups were employed (figure 1) there would be one strong charge in the /?-or y-position as the case may be. Such link-ages, therefore, especially the lateral one, might be nearly as readily hydrolysable as in diacetamide, though such a m atter cannot properly be considered without reference to the specific configuration of the chains concerned. I t is perhaps worth noting th a t an imide linkage would probably have a very weak acid dissociation constant (c. 10*5), but it is doubtful if this would contribute to the dissociation curves in the region th a t Cannan has relied on for his data.
(c) The thiol-ester linkage R.CO.S.R' may be formed with the thiol-group of cysteine. This might be relatively unstable, for Neuberger (19386) found th a t in the case of NS-diacetylcysteine the nitroprusside reaction develops very slowly and the colour remains constant for many hours, indicating a slow splitting by the ammonia employed in the reaction. I f the disorientation and depolymerization of the protein molecule during denaturation should be due to, or result in, the hydrolysis of thiol-ester linkages there would be a simultaneous liberation of SH groups. I t seems to me th a t such an explanation of w hat has hitherto been one of the most puzzling characteristics of denaturation is more satisfying than th a t based on the old supposition th a t the SH groups are produced by the actual cleavage of the S-S linkage, which would require a. powerful reducing field. 
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F ig u r e 2. E xam ples o f la te ra l thiol-ester, im ide a n d ester cross-linkages.
W hatever types of non-peptide linkage are present in y?-lactoglobulin it will be clear th a t if these are formed from groups belonging to terminal residues the concept of one long chain molecule is preserved (figure 1), the novel point being th a t the normal succession of residues is intercepted a t seven or eight different positions, the intervals between which ne6d not necessarily be the same, though random distribution is unlikely. Cross-bridges (figure 2) would give eight or nine separate chains with terminal groups free, while side-chain bridges of ester and thiol-ester linkages would give a configuration resembling a comb, the teeth of which might vary in length from one to a large number of residues ( figure 3 a, 6 ). In all these systems the constituent chains might not necessarily contain the same number or sequence of residues, and therein lies a possible reason why the data given in table 3 (column 5) fail to show the Bergmann-Niemann stoichiometric relationships. I shall refer to this m atter again la te r; meanwhile I might mention here th at the proposed new structure requires th a t on hydrolysis the protein should give seven or eight more carboxyl-than amino-groups, which might a t first sight appear to contradict the observation of Hotchkiss (1939) th a t on both enzymic and acid hydrolysis these groups are produced in equivalent amount. I t is perhaps worth mentioning therefore th a t the molecule of ft-lactoglobulin contains about 370 peptide linkages, so th a t the difference to be observed would be of the order of only 2 %, probably well within the limit of error of the methods used to estimate these groups.
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F ig u r e 3. E x am p les o f system s w ith bran ch -ch ain linkages.
The structure of egg albumin
Bergmann & Niemann (1937) reviewed the analytical d ata for this protein given in the literature, and from an inspection of the ratios exhibited by the number of g.mol. of the various residues (compare table 5, column 2) deduced (incorrectly, see Taylor 1937) th a t the lowest common multiple of the residue frequencies was 288 (25 x 32). The number of residues in the smallest unit was therefore 288, and as the weight of the mean residue appeared to be 124 they concluded th a t the minimum molecular weight of the protein was 35,700. Our own analytical data, together with some recent determinations of Kassell & Brand (1938) , are given in table 5. Taking 111-4 as the mean residue weight (table 1) the number of g.mol. of the mean residue will be 897, and from this the frequencies given in column 3 have been calculated. The smoothed numbers are not all factors of 2 and 3. The minimum molecular weight has accordingly been calculated from the analytical data and is close on 43,000 (column 6), in agreement with recent values obtained from sedimentation velocity, diffusion and osmotic-pressure measure ments (Svedberg & Pedersen 1940; Adair 1937) . The total number of residues can be taken as 384 (27 x 3), but the residue numbers given in column 5 are not all factors of this, or factorizable by 2 and 3. Our experimental data therefore do not support the Bergmann-Niemann hypothesis.
T hat this should indeed be the case is to be expected from the recent work of Longsworth, Cannan & Maclnnes (1940) , who have shown by electrophoresis th at the crystalline protein contains two components. In a private communication Professor R. K. Cannan has informed me th a t the amount of the second component has varied widely from sample to sample (10-77 %, but generally close to the lower limit), and th a t for any given sample the relative proportion of the two com ponents is not changed after removal, by acid or heat denaturation, of one-half of the total protein present. These latter observations, taken in conjunction with the fact th a t previous workers have failed to effect any apparent fractionation of the protein by repeated recrystallization, would suggest th a t the two components are somewhat similar in composition and carry nearly the same net ionic charge. The lack of homogeneity in crystalline egg albumin therefore does not introduce a situation th a t differs markedly from th a t which I have deduced for /?-lactoglobulin, and as our amino-acid analysis and the titratio n data of Cannan, Kibrick & Palmer (1941) were obtained from samples of material made under identical conditions a comparison of ionizable groups may still be of interest. (1) As in the case of /?-lactoglobulin the estimate of amino-groups computed from the titration curves is in good agreement with th a t obtained from a determination of the free amino-N. In other respects, however, the interpretation of the acidbase binding data of egg albumin is not so straightforward. This protein contains one molecule of phosphoric acid, and such a group may be expected to contribute two equivalents to the titration curves; one of these will be submerged in the carboxyl region close to pH 2 and the other in the imidazole region a t about p H 7. According to Neuberger (1938a) the constituent polysaccharide, of molecular weight about 1,250, contains 4 mols. of mannose, 2 mols. of glucosamine and an unknown basic component. We have shown th a t in the intact protein the aminogroups of the glucosamine are acetylated, so th a t these cannot contribute to the titration curves. Neuberger's own investigations suggest th a t the unknown basic component may contain two if not three amino-groups, but no indication was obtained as to whether these were free, in peptide linkage or acetylated; nor was an estimate of carboxyl-groups obtained. I can thus do no more than surmise th a t the intact protein contains at least four amino-groups in excess of those attributable to lysine (hydroxylysine is absent) and not more than four carboxyl-groups in excess of those attributable to the dicarboxylic acids, leading to the conclusion th a t the molecule (or rather two molecules treated as one) contains a t least four component polypeptide chains, all of which must have terminal free amino-groups and some must have free terminal carboxyl-groups. The data given in table 5 (column 5) show th a t the chains cannot all be of the same length or, alternately, th a t they must differ in composition. Such a deduction must be regarded as provisional only, for the titration curves of this protein do not exhibit any clear indication of amino-groups with dissociation constants of 8*5 or lower.
In spite of the rather meagre evidence th a t I can bring forward at the present time from purely chemical data it is, nevertheless, of great interest to note th at my deduction of at least four component peptide chains is in keeping with recent X-ray evidence. Astbury, Dickinson & Bailey (1935) have shown experimentally th a t the individual chains in denatured egg-white must be shorter than those in denatured seed globulins (e.g. edestin-see below), and Astbury (i93^» I94I) ^as also concluded from X -ray and Gorter's monolayer measurements th at the native egg albumin molecule consists of four superposed laminae. Such a suggestion is clearly compatible with the idea of four component peptide chains cemented in some way by means of the polysaccharide and perhaps also by cross-linkages. I t is clearly unwise to stress the analogy a t the present time, for I am not yet in a position to bring forward conclusive chemical evidence for the presence of several terminal amino-groups in egg albumin or in /?-lactoglobulin. Fortunately, in the case of insulin I am under no such disability.
T h e stru c tu r e of in s u l in
The determinations of the basic amino-acids of this protein recorded in the literature were made by the distribution method of Van Slyke, which is unsatis factory for several reasons. For the discussions which follow it was necessary to know fairly accurately the value for lysine, and we have accordingly redetermined the three bases by a modification of the small-scale methods of Block and Tristram which entailed a preliminary removal of the cystine as the cuprous mercaptide of cysteine. Analytical data, together with those for cystine and tyrosine, are given in table 7 (column 1): the value for histidine is probably accurate to 2 % and the BaJcerian Lecture (1) (2) (3) (4) (5) other values to 3 %. The results for lysine and histidine differ significantly from those hitherto recorded, and the high value of the latter is noteworthy. I have purposely omitted the recent determinations of serine and threonine by Nicolet & Shinn (1941) , as I am uncertain of the extent to which these two amino acids undergo decomposition during acid hydrolysis. The non-amino-N present in the mercaptide filtrate, determined indirectly by Van Slyke's method, was wholly accounted for by the arginine and histidine, suggesting th a t insulin contains very little if any proline or hydroxy proline. The calculated minimum molecular weight is 11,600, and as this is almost exactly one-third of the molecular weight found in the ultracentrifuge by Sjogren & Svedberg (1931) , I shall assume th a t the latter is a correct value, though a higher one, 41,000, has been recorded from measurements of the diffusion constant (Svedberg & Pedersen 1940) . The calculated mean residue weight (table 1) is 123*8, and inspection of the data given in table 7 (columns 3 and 5) suggests th a t the protein may contain 288 (25 x 32) residues, which would give a molecular weight of 35,700. Agreement is fair. The number of free amino-groups determined under the conditions of Van Slyke's manometric method for various reaction times, together with the corresponding data of Cannan et al. (1942) for /?-lactoglobulin, are recorded in t be remembered th a t when the protein is undergoing deamination in the reaction chamber it is not in solution, so th a t the number of groups th a t can be ascribed to lysine for short reaction periods (5-10 min.) will be definitely less than th at indicated in column 3, where the values are based on the reaction rate of lysine (1942 f C alculated from d eterm in atio n s on lysine m onohydrochloride, in w hich th e a-am inogroup is assum ed to re a c t q u a n tita tiv e ly in 4 m in. T he e-am ino-group w as found to react to th e e x te n t of 50, 73, 80, 93, 97 an d 100 % in 2-5, 5, 6, 10, 15 an d 30 m in. respectively. I t is to be n o te d th a t p ro tein s are n o t in solu tio n du rin g th e reactio n w ith nitro u s acid, so th a t the percentage reactio n of th e e-am ino-group for sh o rt tim e periods (3-10 m in.) will be a little less th a n t h a t in d icated in colum n 3 (see te x t).
itself. I conclude therefore th a t the number of free a-amino-groups in /Mactoglobulin is eight or nine, as given by a reaction time of 15-30 min. Now I have already pointed out th a t in both /?-lactoglobulin and egg albumin Cannan and his colleagues were able to account for all the Van Slyke non-lysine amino-N in their computations from the aqueous and formaldehyde titration curves; the aqueous titration curves moreover were reversible below p H 11, suggesting th at this amino-N was not due to breakdown of the molecule. Harington & Neuberger (1936) have likewise found th a t no irreversible change takes place on exposure of insulin to high degrees of acidity (pH 2*5) and alkalinity (pH 11*4), the material being readily recovered later in crystalline form. I feel justified in concluding therefore th a t the eighteen non-lysine amino-groups indicated by the data in table 8 (column 4) represent free a-amino-groups of the native protein. The presence of such groups has been definitely proved by Jensen & Evans' (1935) isolation of the phenylhydantoin of phenylalanine from phenylisocyanate-insulin. Insulin would thus appear to be a system of eighteen peptide chains of unlike composition, a conclusion which is in striking agreement with a property, pointed out by Bernal (1939)5 °f the (0001) Patterson projection prepared by Crowfoot (1941) from her X-ray data. There is a distribution of eighteen peaks in the projection th a t sug gests for the insulin molecule a structure of eighteen subunits in close-packed array. Some of these subunits m ust be held together by linkages, probably hydrogen bridges, th a t can be readily broken and remade, for Sjogren & Svedberg (1931) found th a t outside the stability range of p H 4-5 to about 7 reversible dissociation into products of low molecular weight occurred. I t is very improbable th at peptide or disulphide linkages would be involved in such changes.
Additional evidence for the structure of edestin
The conclusion th a t the molecules of /Mactoglobulin, egg albumin and insulin are systems of peptide chains necessitates further consideration of my previous deduction from the purely analytical data given in table 2 th a t the edestin submolecule of molecular weight 50,000 is a simple peptide chain. Before discussing the evidence to be obtained from a Van Slyke determination of free amino-N there is need to recall Osborne's (1902 a, b) observation th a t when a small amount of mineral acid is added to a salt solution of this protein it is slowly and irre versibly transformed into a derivative called edestan, the average molecular weight of which has been shown by Adair & Adair (1934) 17,000, or about one-third th a t of the edestin submolecule. The formation of this interesting product of denaturation has been recently investigated in considerable detail by Bailey (1942) , who has demonstrated th a t the fragmentation of the edestin molecule gives rise also to very small amounts of simple dialysable non-protein products, especially ammonia and tryptophan, each of which was shown to account for approximately one-third of the dialysable-N. The nitrogen content of edestan is lower than th a t of edestin, and the difference is inadequately accounted for by the loss of the abovementioned simple fragm ent; this suggests the addition of water and by implication th at edestan is formed by hydrolytic cleavage with the liberation of new endgroups. The presence of the latter was surmised in an independent manner from the alkaline shift of pH which was observed during the denaturation process.
Bailey's researches make it clear th a t under the conditions of the Van Slyke amino-N analysis the conversion of edestin to edestan should be extremely rapid. From what has been stated above the hydrolytic cleavage of the submolecule of molecular weight 50,000 will produce not only the three molecules of edestan, with liberation of two additional amino-groups, but also dialysable fragments. Bailey s data, allowing for the fact th a t they were based on an examination of w hat was adm it ted to be only a fraction of the total amount, suggest th a t these fragments would re act to give the equivalent of about one amino-group. Allowing therefore for slow and more deep-seated secondary reaction the data given in table 9 suggest the presence of about four free a-amino-groups, and as about three of these can be ascribed to edestan formation I infer th a t the submolecule of the native protein contains only one free a-amino-group and is thus one long peptide chain, in full keeping with my deduction from the analytical data given in table 2. In a private com munication Professor R. K. Cannan has informed me th a t his preliminary estimates of the amounts of base bound by edestin a t p H 9 in aqueous and in formaldehyde solutions lead to the tentative conclusion th a t the submolecule contains eight or nine titratable amino-and imino-groups. As eight e-amino-groups of lysine are present it would appear th a t edestin is not a system of chains with free terminalimino-groups. 
(3)
co n trib u tio n com puted free reactio n observed of e-am ino-N a-am ino-N p ro te in tim e am ino-N of lysine* (2 ) - ( 3 ) Native edestin gives none of the reactions for SH groups, but Greenstein (1939) has shown th a t on denaturation by guanidine hydrochloride and by urea these groups are liberated in amounts corresponding to one-third and one-fourth respec tively of the total cystine. One is tem pted to suggest therefore th at the submolecule of molecular weight 50,000 contains two residues of cystine and two of cysteine, and th a t the native protein is an association of six such submolecules held together by labile linkages, some of which are concerned with SH groups. In this connexion the possibility of thiol-ester linkages w arrants further investigation. If the submolecule is one long peptide chain its fragmentation to give edestan must involve the hydrolysis of peptide bonds, in agreement with Bailey's experience, and as several of the residue numbers (table 2, column 5) are not divisible by three it would follow th a t the edestan subunits cannot all be of like composition, even though the ultracentrifuge studies of Bailey & Philpot (vide Bailey 1942) indicate th at they are of approximately equal particle weights. The small amount of ammonia produced may have originated in the cleavage, during the preliminary depolymerization stage, of labile imide bridges between submolecules; otherwise it must presumably have arisen from hydrolysis of acid-amide groups during the final fragmentation to edestan. The question m ust be left open for the present. Cannan et at. (1942) calculate th a t the carboxyl-groups of /Mactoglobulin and egg albumin h a v e pK° values of 4-6 and 4-29 respectively; one might reasonably exp therefore th a t edestan formation within the p H range (3-9-4*9) studied by Bailey, involving as it does the cleavage of peptide, amide and possibly thiol-ester linkages, would result in an alkaline shift of pH . This is indeed w hat Bailey observed, but, as he himself has pointed out, the effect .may well be due to the fact th a t the dis orientation and depolymerization during the denaturation process causes a change in the magnitude of the pK values of groups such th a t they become titratable in the p H range concerned. I t is possible th a t w hat appears to be a slightly low value recorded in table 2 (column 1) for tryptophan may be due in p art to the fact th a t the preparation and crystallization of edestin is always accompanied by the formation of a small amount of edestan, the tryptophan content of which, according to Bailey, is only 97 + 2 % of th a t of edestin.
I t may be noted th a t the submolecule of molecular weight 50,000 contains sixty-four basic groups and only fifty-four acid groups; the excess of ten basic groups is thus greater than the total for histidine, so th a t the isoionic point of edestin should fall a t a pH above th a t a t which all the histidine has lost its charge, i.e. a t a p H about 7-5-8*5. This is fully in keeping w ith the early classic work of Osborne (1902 6, c) , who recognized the basic character of this protein. He showed th a t edestin prepared in the usual way by saline extraction of hemp seed contained combined acid (HC1 and H 2S 0 4), and th a t in order to obtain w hat he called the free base it was necessary to treat the saline solution with enough dilute potas sium hydroxide to give a just perceptible alkaline reaction w ith phenolphthalein. Bailey (1942) has found th a t the p H of the' freshly prepared protein suspended in C 02-free water is usually between 5*3 and 5*5, and the sample used in our analysis contained bound HC1 and H 2S 0 4 equivalent to six groups per submolecule of 50,000.
General discussion
My examination of the relevant evidence adducible from amino-acid analysis, titration curves and free amino groups leads to the conclusion th a t the molecules of edestin, /?-lactoglobulin, egg albumin and insulin are systems of peptide chains t containing six, nine, about four, and eighteen components respectively. Evidence given in table 9 suggests th a t the haemoglobin molecule likewise contains six teen component chains. Let me discuss the bearing th a t these findings have on the validity of the Bergmann-Niemann hypothesis, for we have seen th a t the straight evidence for this has been somewhat conflicting. In the case of edestin the analytical data (table 2) suggest th a t in the smallest possible submolecule the total number of residues and also the number of residues of thirteen amino-acid and acid-amide species are severally factors of 432 (24 x 33), and th a t the molecular weight of the submolecule is 50,000. There is also a body of independent evidence which gives support to this submolecular weight, sufficient I think to constitute a strong presumption th a t it is a true verdict; it might be held with some justice therefore th a t the molecule of this particular protein, in which all the constituent peptide chains are of like composition, is one which lends support to the BergmannNiemann hypothesis.
In making this assertion, however, I should be guilty of omission if I did not emphasize th a t evidence on two very im portant points is entirely lacking. In the first place no account has been taken of the 224 residues which constitute the remainder of the edestin submolecule. These represent the hydrolysis products for which methods of analysis hitherto employed do not possess the required degree of accuracy, and it is gratifying to note th a t several fundamentally new fines of approach to overcome these difficulties are being explored a t the present time (Bergmann & Niemann 1938; Ussing 1939; Rittenberg & Foster 1940; Martin & Synge 1941 a, b) . In the second place an evaluation of the amino-acids given on strong acid hydrolysis, however complete we may be able to make it eventually, cannot provide any direct evidence for the regular frequency of recurrence which the Bergmann-Niemann hypothesis implies; as Gordon, Martin & Synge (1941) have pointed out, such evidence can be obtained only by the isolation and identifi cation of partial hydrolysis products of chain length sufficient to contain the necessary minimum number of residues, and their researches on these fines will be followed with great interest by protein chemists. Failure to obtain direct con firmatory evidence nevertheless will not necessarily imply th a t all the BergmannNiemann generalizations are false, for certain of the residues may be incorporated in the peptide chain in such a way th a t they exhibit more than one periodic in terval of recurrence, overlapping of which would result in two or more near posi tions in the chain being occupied by the same residue species a t more distant intervals. This may well be true with respect to the large number of arginine and dicarboxylic acid residues in edestin, whereby the close proximity of ionizable groups might create a relatively few foci of strong charge which could play some p art in the hydrolysis attending edestan formation (vide Bailey 1942) .
I t is easy to see th a t under such conditions it would be difficult to prove regu larities in structure by chemical analysis, and the problem becomes even more complicated if these conditions apply to proteins like /?-lactoglobufin, haemoglobin • and insulin in which the molecule is a system of peptide chains of varied composi tion, or to proteins known to be polydisperse. Clearly the analyst, whose activities at present are restricted to the simpler hydrolysis products, can contribute but little on his own, and there is need for more co-operation with the physical chemists and crystallographers, who are able to investigate the properties and structure of larger units and of the intact protein molecule itself. The need for co-operation moreover is mutual, but progress may be slow for the art of the analyst is an exacting one. Meanwhile, I think th a t those interested in proteins would be wise to regard the Bergmann-Niemann hypothesis as still tentative and in any case as applicable only to the component peptide chains of the molecule, for much of the evidence hitherto brought forward to support it has been based on inadequate experimental data and has dem onstrated nothing more than the hypnotic power of numerology.
The problems discussed in this lecture have occupied much of my spare time during the past few years, during which I have profited by many discussions with Dr W. T. Astbury, Dr K enneth Bailey and Professor R. K. Cannan. In closing, I should like to record my deep appreciation of the wholehearted support I have received from my research assistants, Mr E. E. Williams and Mr M. W. Rees, who are responsible for most of the unpublished analytical d ata recorded. I have also made use of unpublished data obtained in the past by Dr G. R. Tristram , to whom my thanks are due. I have also to thank Mrs P itt Rivers for assistance in deter mining the glucosamine content of deaminated egg albumin.
